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Patients have been observed with a chest pain syndrome 
after cardiac transplantation. For this pain to be cardiac 
in origin the afferent nerves carrying sensory informa•
tion from the heart would have to reinnervate the heart. 
A previous study in dogs indicated that afferent rein•
nervation is uncommon during the first 2 years after 
transplantation. The purpose of this study was to de•
termine whether afferent reinnervation of the heart oc•
curs in the long term. The decreases in arterial pressure 
and renal nerve activity resulting from chemical stim•
ulation of left ventricular sensory receptors with vagal 
afferents with cryptenamine (veratrum alkaloid) were 
assessed in three dogs 8 to 12 years and in four dogs 6 
to 8 weeks after cardiac autotransplantation and in six 
sham-operated dogs (thoracotomy-pericardiotomy 6 to 
8 weeks before study). Responses of renal nerve activity 
to physiologic stimulation of cardiac receptors by volume 
expansion were also determined. 
Cardiac transplantation in dogs has been used as a model 
to study the effects of cardiac denervation on neurohumoral 
mechanisms involved in circulatory control (1-4). Studies 
(5.6) performed within a few weeks to months after cardiac 
autotransplantation have demonstrated impaired responses 
to physiologic stimuli that are directly dependent on cardiac 
innervation. 
A previous study (2) showed that afferent reinnervation 
was uncommon during the 2 years after canine autotrans•
plantation even though evidence for efferent reinnervation 
was consistently observed, In that study only one of six 
dogs demonstrated a Bezold-larisch reflex (bradycardia and 
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Left ventricular cryptenamine inhibited renal nerve 
activity by 72 ± 8% in dogs with long-term and by 10 
± 6% in dogs with short-term autotransplantation and 
by 92 ± 5 % in sham-operated dogs. Decreases in mean 
arterial pressure in these groups were 34 ± 4, 11 ± 3 
and 67 ± 16 mm Hg, respectively. Volume expansion 
inhibited renal nerve activity in long-term autotrans•
plant (43%) and sham-operated (48%) groups but less 
in the short-term transplant group (33%) for compa•
rable increases in cardiac filling pressure. 
It is concluded that in dogs there is extensive afferent 
reinnervation of the long-term autotransplanted heart 
that results in relatively normal cardiopulmonary baro•
reflex responses to volume expansion. Responses to phys•
iologic stimuli in the short term probably are mediated 
by residual atrial receptors and by arterial batoreflexes. 
(J Am Coil CardioI1986;7:414-8) 
hypotension) in response to injection of cryptenamine into 
the left ventricle indicating the general absence of afferent 
cardiac (especially ventricular) reinnervation. However, a 
second observation suggests that afferent cardiac reinner•
vation may occur, ischemic-type pain having been reported 
in a long-term transplant patient (7). Because sensory end•
ings in the heart with sympathetic afferent neurons transmit 
sensory information responsible for perception of cardiac 
pain during myocardial ischemia (8), it is possible that af•
ferent reinnervation of the transplanted heart may occur, 
We hypothesized that afferent reinnervation occurs after 
cardiac autotransplantation in dogs and that this reinner•
vation is quite extensive in the long term, 
To test this hypothesis we utilized the canine autotrans•
plant model and assessed the reflex responses to activation 
of cardiac vagal afferents by graded volume expansion and 
chemical stimulation to determine whether afferent rein•
nervation had occurred, The presence of sympathetic af•
ferent reinnervation was not specifically studied in these 
experiments, Because the concentrations of the neurotrans•
mitter in local areas of the myocardium reflect adrenergic 
innervation in the myocardium. we also measured the nor-
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epinephrine, epinephrine and dopamine concentrations in 
different chambers of the heart. These results are reported 
in the accompanying paper in this issue of the Journal (9). 
Methods 
Experimental preparation. Nine dogs underwent car•
diac autotransplantation and were studied for evidence of 
afferent reinnervation 6 weeks to 12 years after operation. 
Five dogs were studied 6 to 8 weeks (short-term) and four 
dogs 8 to 12 years (long-term) after cardiac autotransplan•
tation. In two dogs (one from each group), physiologic 
studies were not performed because of death during the 
induction of anesthesia, so that the results of physiologic 
studies are reported for seven dogs with cardiac autotrans•
plantation. Six dogs with prior thoracotomy and pericar•
diotomy served as a control group. 
The technique for cardiac autotransplantation has been 
described previously in detail by Lower et al. (10). In brief, 
after instituting cardiopulmonary bypass the heart was ex•
cised by dividing the aorta and main pulmonary artery and 
the atrial walls so that the posterior portion of both atria 
with the ostia of superior and inferior venae cavae and the 
pulmonary veins were left in situ. The excised heart was 
then cooled for 10 to 15 minutes by immersion in physio•
logic saline solution at 5°C and then reimplanted. After 
completion of all anastomoses, coronary circulation was 
reestablished by removing the clamp from the transverse 
sinus. After 10 minutes of coronary flow, 1 ml of 1: 12,000 
epinephrine was injected into the left ventricle followed by 
gentle, intermittent compression and electrical defibrilla•
tion. Support with the heart-lung machine was continued 
for another 10 minutes during which a slow intravenous drip 
infusion of 2 mg of levarterenol in 300 ml of isotonic saline 
solution was started. The heart gradually assumed support 
of the circulation aided by the levarterenol infusion. The 
total duration of cardiopulmonary bypass was about 1 hour 
and 30 minutes. A siliconized rubber chest tube was inserted 
and thoracotomy incision was closed in layers. The dogs 
received no medication postoperatively except for antibiotics. 
Reflex physiologic studies. The 13 mongrel dogs 
weighing 15 to 32 kg were anesthetized with thiopental 
sodium (20 mg/kg body weight intravenously) followed by 
alpha-chloralose (80 mg/kg initially and 10 mg/kg intra•
venously thereafter). After endotracheal intubation, the dogs 
were mechanicaIly ventilated with air supplemented with 
oxygen at 12 to 14 cycles/min at a tidal volume determined 
from a nomogram based on body weight. Blood oxygen and 
carbon dioxide tensions (Po2 , Peo2) and pH were measured 
periodically. When necessary sodium bicarbonate (2 to 5 
ml of a 7% solution) was given to maintain pH between 
7.3 and 7.4, and the ventilatory rate was adjusted to maintain 
Peo2 between 30 and 40 torr. Arterial P02 was greater than 
100 torr in all studies. Body temperature was maintained 
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between 37 and 39°C by external warming. Particular care 
was taken to prevent muscle movement during the protocol 
by administering pancuronium bromide (0.5 to 1 ml 
intravenously). 
Recording of renal nerve activity. The left flank was 
opened from the iliac crest to the costovertebral angle to 
expose the renal artery and renal nerves. A small branch of 
the renal sympathetic nerves was cut distally and separated 
from the renal artery and surrounding connective tissue. The 
central cut end of the nerve was placed on bipolar platinum 
electrodes to record action potentials from the renal sym•
pathetic nerves. The details of the methods for recording 
and quantifying renal nerve activity have been described 
previously (11). Integrated nerve activity was recorded con•
tinuously on a Gould (ESIOOO) multichannel recorder. Renal 
nerve activity is expressed as a percent of control activity. 
Hemodynamic measurements. Arterial pressure was 
measured with a catheter positioned in the femoral artery 
connected to a Statham (P23DB) pressure transducer. Mean 
arterial pressure was obtained by electrical averaging. A 
Swan-Ganz balloon-tipped catheter was passed through the 
right jugUlar vein into the pulmonary artery and positioned 
so that inflation of the balloon resulted in pulmonary artery 
wedge pressure. The balloon was maintained deflated and 
pulmonary artery pressure was recorded continuously. Pul•
monary artery diastolic pressure was used as an index of 
cardiopulmonary filling pressure. 
Protocol. After completion of surgical procedures, ad•
equate time was allowed for stabilization of arterial pressure, 
cardiac filling pressure and renal nerve activity. Interven•
tions to activate cardiac vagal afferents were carried out as 
follows: I) graded blood volume expansion was carried out 
by infusing 6% dextran in normal saline solution for a total 
of 15 mllkg in 5 mllkg increments. Expansion of blood 
volume increases cardiac filling pressure and, through reflex 
mechanisms mediated by vagal cardiopulmonary barore•
ceptors, inhibits sympathetic outflow to peripheral circu•
lation including renal nerve activity. Previous studies (II) 
have shown that in normal dogs such reduction in renal 
nerve activity is mediated mainly through vagal cardiopul•
monary receptors and that sinoaortic baroreceptors play 
a more minor role in mediating these responses (12). 2) 
Chemical activation of vagal afferents was accomplished 
by left ventricular injection of 200 f.Lg of cryptenamine. 
Injection of cryptenamine, a mixture of veratrum alkaloids, 
stimulates cardiac (particularly ventricular) vagal afferents 
and elicits the well known coronary chemoreflex consisting 
of bradycardia, hypotension and inhibition of sympathetic 
renal nerve activity. The catheter used for cryptenamine 
injection was positioned in the left ventricle by way of the 
left carotid artery. 
Data analysis. The responses of mean arterial pressure, 
cardiac filling pressure and renal nerve activity to stepwise 
volume expansion and chemical stimulation were deter-
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mined in all three groups of dogs: four dogs with short-term 
and three with long-term autotransplanted hearts and six 
sham-operated control dogs. The observations were summed 
to obtain the mean and standard error for each group. Al•
though the numbers of experiments are small, differences 
between groups were assessed when possible by analysis of 
variance. The level of significance was taken to be 0.05. 
Results 
Responses to volume expansion. The basal values of 
cardiac filling pressure, arterial pressure and renal nerve 
activity before expansion of blood volume are summarized 
in Table 1, and changes in these variables during volume 
expansion are summarized in Figure 1. Expansion of blood 
volume was associated with significant increases in filling 
pressure in all three groups of animals. Although basal filling 
pressures were higher in sham-operated dogs and dogs with 
short-term autotransplantation (Table 1), the maximal changes 
in filling pressure due to volume expansion were not sig•
nificantly different. 
Figure 1 illustrates the relation between changes in renal 
nerve activity (%) and changes in cardiac filling pressure 
during physiologic stimulation of vagal afferents by graded 
volume expansion. Each of the three points of each slope 
represents percent changes in renal nerve activity for three 
different increments of volume expansion from 5 mIlkg to 
a maximum of 15 mIlkg. Although the percent reduction in 
renal nerve activity due to volume expansion and the slopes 
were similar for all three groups, the maximal reduction in 
renal nerve activity in the group with short-term autotrans•
planted hearts was less (p < 0.05) than in control dogs and 
the slope of the curve tended to be less in the short-term 
group. Volume expansion may have resulted in reflex in•
hibition of renal nerve activity mediated by stimulation of 
cardiopulmonary receptors in the nondenervated part of the 
atria, great veins and lungs, as well as of arterial baroreflexes. 
Responses to chemical stimulation of ventricular re•
ceptors. Intracoronary veratrum alkaloids have been shown 
Table 1. Baseline Hemodynamic Data and Renal Nerve 
Activity in 13 Dogs 
Mean Arterial PADP RNA 
Group Pressure (mm Hg) (mm Hg) (impulse/s) 
Sham-operation 155 ± 13 15 ± 3 108 ± 19 
(n = 6) 
Short-tenn 128 ± 9 8 ± I 95 ± 17 
autotransplantation 
(n = 4) 
Long-tenn 122 ± II 7 ± 0.4 59 ± 15 
autotransplantation 
(n = 3) 
PADP = pulmonary artery diastolic pressure; RNA = renal nerve 
activity. 
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Figure 1. Relation between changes in renal nerve activity (.:1RNA 
[%]) and pulmonary artery diastolic pressure during expansion of 
blood volume in dogs with short- and long-term cardiac autotrans•
plantation and in sham-operated dogs. Responses of dogs with 
long-term autotransplantation were not significantly different from 
those of sham-operated dogs, whereas maximal reduction in renal 
nerve activity in the short-term group was significantly less than 
that of sham-operated dogs. 
previously to provoke cardioinhibitory and vasodepressor 
responses mainly by stimulation of vagal sensory receptors 
in the left ventricle (13). We used this technique to assess 
the extent of ventricular deafferentation after cardiac trans•
plantation by injection of cryptenamine into the left ventri•
cle. The responses of mean arterial pressure and renal nerve 
activity to cryptenamine are illustrated in Figure 2. Although 
the number of animals subjected to this experimental pro•
cedure was small (n = 10), the decrease in mean arterial 
pressure and percent change in renal nerve activity were 
surprisingly similar in the dogs with long-term autotrans•
plantation and sham operation, but were markedly decreased 
in the two dogs with short-term autotransplantation so stud•
ied. The latter observations are in agreement with our earlier 
studies (2). Although the number of dogs studied was small, 
there was a clear trend toward normal responses to chemical 
stimulation in dogs with long-term autotransplan•
tation. 
Discussion 
The major finding of this study is that there may be 
cardiac afferent reinnervation with the passage of time after 
cardiac autotransplantation. This conclusion is based mainly 
on the observation that a large coronary chemoreflex (Be•
zold-Jarisch reflex) resulting from chemical stimulation of 
cardiac receptors could be elicited 8 to 12 years after cardiac 
autotransplantation, whereas in the dogs with short-term 
transplantation the chemoreflex was nearly absent. These 
findings may help to account for the impairment of reflexes 
dependent on afferent innervation that may be interrupted 
after cardiac transplantation. Earlier investigations (4) in 
dogs indicated that efferent autonomic reinnervation was 
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Figure 2. Responses of renal nerve activity (~RN A [% ]) and mean 
arterial pressure (MAP) to chemical stimulation with intraventric•
ular (LV) cryptenamine in sham-operated dogs and dogs with 
autotransplantation. The markedly impaired response in the group 
with short-term autotransplantation suggests afferent denervation, 
whereas a greater response in the group with long-term autotrans•
plantation suggests afferent reinnervation. 
detectable within 3 to 6 months after cardiac autotransplan•
tation. However, afferent reinnervation as indicated by the 
interruption of the Bezold-Jarisch reflex was uncommon up 
to 2 years after autotransplantation (2). Our present data 
combined with those that we published previously (4) sug•
gest that a much longer period is needed for afferent 
reinnervation. 
Responses to volume expansion. The responses to vol•
ume expansion were surprisingly similar in the three groups 
despite differences seen with veratrum alkaloid injection. 
This contrasts with the differences in renin responses to 
hemorrhage in dogs with cardiac transplantation during the 
first 2 postoperative years (2). The similarity of the re•
sponses to volume expansion of dogs with short-term auto•
transplantation and sham-operated dogs may have been due 
to a larger influence of arterial baroreceptors, of receptors 
at the junctions of the atria and great veins and of receptors 
in the lungs that may compensate for the interruption of 
ventricular and some atrial receptors in dogs subjected to 
cardiac autotransplantation. This compensatory effect may 
be larger during volume expansion than during hemorrhage. 
Responses to stimulation of left ventricular receptors 
by cryptenamine. In contrast to the similarity of the re•
sponses of the three groups to physiologic stimulation by 
volume expansion, responses to chemical stimulation of 
ventricular receptors by cryptenamine injection were strik•
ingly different between sham-operated dogs and dogs with 
short-term cardiac autotransplantation. This finding suggests 
strongly that the reflex effects of cryptenamine injected into 
the left ventricle are initiated mainly from ventricular re-
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ceptors because the technique of transplantation that we used 
results in denervation mainly of the ventricles. Atrial re•
ceptors are located mainly around the ostia of the great veins 
in the nontransplanted portion of the heart. We observed a 
tendency toward return of Bezold-Jarisch reflex responses 
in dogs 8 to 12 years after transplantation and attribute this 
to afferent reinnervation of the ventricles. It should be em•
phasized that volume expansion increases cardiopulmonary 
filling pressure and may increase the firing of receptors in 
the atria, at the junctions of atria and great veins and in the 
lungs, which are not denervated by the surgical technique 
we used. Activation of these receptors and of arterial baro•
receptors during volume expansion resulted in the reflex 
inhibition of renal nerve activity that we observed during 
volume expansion (11). These afferent pathways that were 
left intact after transplantation compensated for the loss of 
ventricular and some atrial receptors that were interrupted. 
Clinical implications. There is ample published evi•
dence to suggest that cardiac sympathetic afferent activity 
is enhanced during myocardial ischemia (14) and that the 
hypertension and tachycardia observed in patients with myo•
cardial ischemia or infarction may be caused by excitatory 
sympathetic reflexes that are initiated from the heart (15). 
The sympathetic afferent neurons thus initiate sensory mech•
anisms responsible for cardiac pain during myocardial isch•
emia (8). Although sympathetic afferent activity was not 
specifically studied in these experiments, it seems likely that 
afferent sympathetic reinnervation occurs with time. This 
phenomenon of sympathetic afferent reinnervation may ex•
plain the reported occurrence of angina after cardiac trans•
plantation reported by others (7) and also help to account 
for similar observations (unpublished) in two long-term 
(> 2 years) transplant patients from our institution, 
Conclusions. The present study supports the concept of 
afferent reinnervation of the heart, the extent of which prob•
ably depends on the length of time after autotransplantation. 
Although the number of dogs studied was relatively small, 
the responses of renal nerve activity to chemical and phys•
iologic stimulation of cardiac receptors permit the following 
conclusions: 1) afferent reinnervation is extensive in long•
term autotransplanted hearts; and 2) physiologic effects of 
stimulating vagal afferents during volume expansion are 
modestly impaired shortly after transplantation because of 
persistent afferent denervation. 
We thank Steven N. Yuih for technical assistance, Jacqueline Carter for 
typing the manuscript and Bob L. Shepherd for illustrations. 
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